Introduction {#Sec1}
============

Local treatment of metastatic lesions in oligometastatic cancers is a new and promising approach for many types of cancers, namely breast, colorectal, non-small cell lung and prostate cancers. Moreover, retrospective studies with stereotactic body radiotherapy to metastatic sites have reported promising results, suggesting that local therapy might be able to improve time to progression and delay the initiation of systemic therapy in oligometastatic prostate cancer \[[@CR13], [@CR17], [@CR21]\]. Randomized studies in prostate cancer are ongoing.

Prostate-specific membrane antigen positron emission tomography (PSMA PET) is a new and rapidly evolving diagnostic tool for the detection of metastases in prostate cancer. PSMA is expressed in normal prostate cells, but its expression is increased in prostate cancer cells by a factor of 100- to 1000-fold \[[@CR4], [@CR22]\]. Expression increases with cancer stage. Thus, PSMA is an attractive tool for imaging. Initial results with an In-labelled antibody were hindered by low affinity, but recently, a more specific binding antibody labelled with Ga-68 was developed \[[@CR1], [@CR2], [@CR20]\]. Several groups have reported high sensitivity and specificity rates of more than 80% up to 97% for both patient and lesion analysis \[[@CR3], [@CR5]--[@CR11], [@CR14]--[@CR16], [@CR18], [@CR19], [@CR23]\]. Lesion detection was possible even in cases of very low PSA values with a detection rate of about 40% in patients with PSA values below 0.5 ng/ml. Thus, PSMA PET offers a new tool for the diagnosis of oligometastatic prostate cancer in a very early course of metastatic disease. Moreover, precise localization of metastatic deposits can be used as a basis for image-guided radiotherapy (IGRT) to detected sites. We report initial results with special emphasis on response in follow-up PET/computed tomography (CT) after high-dose IGRT of PSMA PET-detected lesions.

Materials and methods {#Sec2}
=====================

Patients {#Sec3}
--------

Between January 2014 and December 2016, 280 patients with prostate cancer received at least one PSMA PET/CT examination in the authors' department. A total of 33 patients had repeated PSMA PET examinations during follow-up; the reason for performing repeated PET investigation was persisting or newly increased serum PSA level. Out of this group, patients were selected according to the following criteria: oligometastatic disease at initial PSMA PET/CT defined as not more than five metastatic lesions, hypofractionated IGRT to all PSMA PET-detected lesions, no systemic therapy in the previous 6 months and during the entire follow-up period and at least one follow-up PSMA PET after radiotherapy.

PSMA PET/CT {#Sec4}
-----------

^68^Ga ws obtained from a ^68^Ge/^68^Ga generator, labelled with the PSMA-11-precursor (ABX, Radeberg, Germany) and administered via an intravenous bolus injection (mean of 109.78 MBq, range 73--148 MBq). For the examination of the patients of this study, a cross-calibrated dedicated PET/CT system, Biograph mCT 40 (Siemens, Erlangen, Germany) was used and a standard acquisition protocol with a whole-body scan (skull base to upper thighs) starting between 58 and 95 min (mean: 70.6 min.) p. i. and three examinations were additionally performed between 120 and 150 min (mean:130 min.) p. i. as part-body scans. Image data analysis was performed using commercially available software (Siemens, Erlangen, Germany). For the calculation of the SUV~max~, the volume-of-interest technique was used around the areas with an increased tracer uptake in multiplanar imaging.

PSMA PET during follow-up was not performed routinely, but only in case of repeated increase in serum PSA.

Radiotherapy {#Sec5}
------------

Treatment decisions were based on multidisciplinary case discussions and the decision on local treatment was made with the objective to avoid and postpone systemic therapy. Radiotherapy was administered to all PSMA PET-detected lesions. The clinical target volume (CTV) was defined as the gross tumor volume (GTV) visible on PSMA PET (volume 50% of SUV~max~) plus a safety margin of 2 mm (CTV = PET-GTV + 2 mm; safety margin of 1 mm in selected anatomic sites, e. g. vertebrae). All patients were treated at a Varian TrueBeam STX with daily IGRT and (in selected cases) use of the stereotactic Novalis STX system using standard immobilization devices. The standard fractionation regimen for oligometastatic disease was five fractions with a 7 Gy fraction dose. In one patient, two PET-positive lymph node metastases were treated with 50 Gy in conventional fractionation to an extended volume covering the node areas followed by a boost of 7 Gy × 2 to the PET-positive lymph nodes. In one patient, a single PET-positive lymph node adjacent to the esophagus was treated with four fractions of 7 Gy due to dose constraints. Treatment was given on consecutive working days without interruptions except at weekends.

Response evaluation {#Sec6}
-------------------

For response evaluation, follow-up PSMA PETs were compared to the initial PSMA PET prior to radiotherapy. For the evaluation of metabolic response, the standard RECIST criteria are not useful. For fluorodeoxyglucose (FDG)-PET, a modification to the RECIST criteria, the PERCIST criteria, was recommended \[[@CR24]\]. Although such specific response criteria have not yet been published for PSMA PET, PERCIST offers the best system currently available for response evaluation of PET data and was therefore used. Thus, metabolic response was defined as a reduction in SUV~max~ of at least 30% with no increase in lesion size.

Statistical analysis {#Sec7}
--------------------

Data were analyzed using SPSS with descriptive statistics and univariate analysis. Multivariate analysis was not performed due to sample size.

The study was approved by the ethics committee of the Medical Faculty of the Christian-Albrecht University Kiel.

Results {#Sec8}
=======

Patients and treatment characteristics {#Sec9}
--------------------------------------

Five patients fulfilled the criteria; all patients had oligometastatic disease after successful primary treatment (Table [1](#Tab1){ref-type="table"}). None of the patients had received systemic treatment within the previous 6 months or during follow-up after radiotherapy. Four patients had one and one patient had three follow-up PSMA PET/CTs with intervals to the first PET of 2--15 months. The median follow-up of the five patients was 11 months. The mean PSA value (mean ± 1 SD) at the time of the first PET was 8.9 ± 8.5 ng/ml (median 3.3 ng/ml, range 0.17--21.8 ng/ml). At follow-up PSMA PET, mean PSA values were 21.8 ± 25.8 ng/ml (median 8.7 ng/ml, range 0.62--77.8 ng/ml). This increase in PSA was due to the selection bias (repeated PET only in the case of a repeated rise in serum PSA). All patients had new lesions on follow-up PET/CT. This analysis focuses on formerly detected and irradiated lesions and the response of these lesions in the follow-up PET.Table 1Characteristics of patients and treated metastatic lesionsPatient ID/age (years)Characteristics of initial tumor and primary treatmentCharacteristics of metastatic lesion in first PSMA PETInterval between radiotherapy and second PSMA PET (months)Metabolic responseSiteVolume (cm^3^)SUVmaxIGRT fractionationHD, 66pT3b R1 pN1 Gleason 9\
Radical prostatectomyTH 7\
Right humerus rib3.561.477.0 Gy × 59.8mR3.290.247.0 Gy × 59.8mR5.123.907.0 Gy × 59.8mRRB, 72pT3 R1 pN1\
Gleason 9\
Radical prostatectomy + XRT to prostate bed + 6 months ADTRib0.13.177.0 Gy × 55.0mRRib1.95.187.0 Gy × 55.0mRPelvic node1.17.322.0 Gy × 25 + 7. Gy × 22.9mRPelvic node0.83.982.0 Gy × 25 + 7. Gy × 22.9mRTh 91.26.787.0 Gy x 54.2mRMediastinal node1.55.337.0 Gy × 42.2ProgressiveMH, 64pT3 R1 pN2\
Gleason 9\
Radical prostatectomy + XRT to prostate bed + 6 months ADT + 4 months dendritic cellsIliac bone14.818.597.0 Gy × 53.7StableIliac bone1.310.767.0 Gy × 53.7mRL 31.66.277.0 Gy × 53.7mRScapula0.53.997.0 Gy × 53.7ProgressiveMediastinal node6.69.287.0 Gy × 53StableMP, 77pT2 pN1\
Radical prostatectomyRib2.314.267.0 Gy × 515mRSacrum1.638.257.0 Gy × 515mRL458.844.577.0 Gy × 515mRKT, 78Radical prostatectomy, salvage-XRT to prostatic bed + ADTRib0.84.257.0 Gy × 51.9mR*ADT* androgen-deprivation therapy, *TH* thoracic vertebra, *L* lumbar vertebra, *mR* metabolic response

A total number of 18 metastatic deposits were detected at the first PSMA PET prior to radiotherapy. The PET-positive tumor volume was 5.9 ± 13.3 cm^3^ (median 1.25 cm^3^, range 0.1--58.8 cm^3^). The mean SUV~max~ value of all 18 metastatic lesions was 19.9 ± 23.3.

In all, 14 metastatic lesions were bony metastases; 5 metastases were located in the spine, five in the ribs and the others in pelvic bones (*N* = 2), the scapula and the humeral bone (each *N* = 1). All lesions were treated with a hypofrationated regimen (35 Gy in five fractions). Four metastatic lesions were lymph node metastases; they were treated either with 50 Gy in conventional fractionation followed by a boost of 7 Gy × 2 (in a patient who had previously undergone salvage radiotherapy to the prostatic bed) or with four (in one case) or five fractions (in another case) with 7 Gy. All patients completed radiation treatment without interruptions or severe adverse events. No acute toxicity and no late side effects were observed.

Metabolic response {#Sec10}
------------------

The mean interval between the end of radiotherapy and the follow-up PET/CT was 3 months (range 1.9--15 months). The mean SUV~max~ value of all 18 metastatic lesions decreased from 19.9 ± 23.3 prior to RT to 5.4 ± 4.6 at post-radiotherapy PSMA PET/CT. Of 18 lesions, 14 (78%) showed a metabolic response on PSMA PET with a reduction of SUV~max~ of at least 30%, as well as a significant decrease in lesion size; in seven of these lesions (39%), no uptake of ^68^Ga-PSMA was detectable with SUV values below the threshold on follow-up PET/CT. Two lesions showed stable disease on follow-up PET/CT and two lesions showed progression with an increase in SUV~max~ \> 25% (one bone metastasis after five fractions of 7 Gy and a paraesophageal lymph node that was treated with only four fractions to 28 Gy).

Association between time interval and metabolic response {#Sec11}
--------------------------------------------------------

There was a correlation between the time interval after radiotherapy and response (*p* = 0.04; Fig. [1](#Fig1){ref-type="fig"}). The decrease in SUV~max~ was more pronounced after longer follow-up. The metabolic response rate was 100% if the control PSMA PET was performed after an interval of 5 months or more.Fig. 1Impact of interval between radiotherapy and follow-up PSMA PET/CT on metabolic response (change in SUV~max~). Response improved significantly with longer follow-up

Recurrences {#Sec12}
-----------

New metastatic lesions were detected on all follow-up PSMA PET/CTs. All lesions were outside the irradiated areas. No progression in the irradiation volume had been observed hitherto after a metabolic response. Local progression-free survival (using metabolic response as a parameter for local control) at the irradiated sites was 88% after 1 year; for lesions treated with five fractions of 7 Gy to a total dose of 35 Gy, the local control rate was 100% after 1 year.

Discussion {#Sec13}
==========

To the authors' knowledge, this is the first report on response evaluation of metastatic lesions with follow-up PSMA PET/CT after high-dose IGRT for PSMA PET-detected oligometastases in prostate cancer. The data are preliminary and there are several limitations. First of all, the patients in this analysis were highly selected with the objective to investigate the efficacy of radiotherapy as the sole treatment in patients that were naïve with regard to systemic therapy. Moreover, patients had stable or rising PSA levels at the time when PSMA PET was repeated; this bias was due to the fact that an indication for a second or third PSMA PET was given only in cases of rising PSA. Therefore, the response of serum PSA could not be evaluated in this investigation. Thirdly, all patients had new lesions, as expected due to the PSA increase at follow-up PET. Fourthly, follow-up was relatively short at a median of 11 months. Nevertheless, there are some facts that are interesting for further studies.

In this investigation, the detected and treated lesions were small with median and mean volumes of 1.25 cm^3^ and 5.9 cm^3^, respectively. According to data from other investigations, the detection rate of PSMA PET is clearly higher than that of all other currently available imaging methods \[[@CR12], [@CR19]\]. It is very likely that at least a relevant number of these lesions would not have been detected with routine staging procedures. Thus, PSMA PET seems to be a powerful tool for treatment planning in oligometastatic prostate cancer patients that are scheduled for local ablative therapies. A major issue for patients in whom PSMA PET is used for radiotherapy planning concerns the question of how to define the target volume for radiotherapy. This is important especially in patients scheduled for high-precision radiotherapy techniques. With regard to the primary tumor in the prostate, PSMA PET seems to overestimate the tumor volume as compared with magnetic resonance imaging (MRI) \[[@CR25]\]. The PET-positive volume was used for target definition and additional imaging methods were not routinely used for better definition of size of the treated lesions. Overestimation of the target volume cannot be ruled out, but is probably not an issue in a single, anatomically well-defined lymph node. However, target definition may be more difficult in bony structures. PSMA PET may underestimate, at least theoretically, a microscopic extension of tumor in the bone marrow, e. g. in the iliac bone or a vertebra. Therefore, a small safety margin to cover such microscopic extension was used. The preliminary results from this investigation suggest that this approach can be used in daily clinical practice.

Secondly, high metabolic response rates of PSMA PET-detected lesions after hypofractionated radiotherapy were observed. Altogether, 39% of all lesions were no longer detectable after radiosurgery, and a further 39% showed a metabolic partial response according to PERCIST criteria. The interval between the end of radiotherapy and follow-up PSMA PET was relatively short (median 3 months) and might not have been sufficient to estimate the full efficacy of radiotherapy. The best response was seen in the patient with the longest interval between radiotherapy and re-investigation, and a significant association between the follow-up interval and metabolic response was found. These results suggest that an interval of 6 months or more may be required to fully estimate the efficacy of radiotherapy in PSMA PET imaging.

Last but not least, hypofractionated IGRT with five fractions of 7 Gy is a treatment regimen with proven efficacy in the primary treatment of prostate cancer \[[@CR15]\]. This regimen has also been used by other groups to treat metastases \[[@CR13]\]. The results reported here confirm that this regimen is feasible even for metastatic sites with high efficacy and good tolerance.

In summary, the preliminary results reported here suggest that PSMA PET-detected metastatic lesions can be effectively treated with high-precision radiotherapy to the PSMA PET-positive tumor volume. The course of metabolic response in follow-up PSMA PET/CT requires further investigation. If PSMA PET is used for response evaluation, an interval of several months after radiotherapy may be required to fully estimate the efficacy of radiotherapy.
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